This study investigated the in vitro effects of bioactive titanium surfaces on osteoblast differentiation. Three titanium substrates were tested: a commercially pure titanium (Cp Ti), an alkali-and heat-treated titanium (AH Ti), and an apatite-formed titanium (Ap Ti) generated by soaking AH Ti in a simulated body fluid. Chemical evaluation of the surface reactivity was analysed at nanometre scale by X-ray photoelectron spectroscopy (XPS), and at μm scale by energy dispersive X-ray microanalysis (EDX). It showed that the estimated proportion of the surface covered by adsorbed serum proteins differed between the three substrates and confirmed the bioactivity of AH Ti, illustrated by surface calcium and phosphate deposition when immersed in biological fluids. Mouse calvaria osteoblasts were cultured on the substrates for 15 days with no sign of cytotoxicity. Enzyme immunoassay and Real-Time RT-PCR were used to follow osteoblast differentiation through the production of osteocalcin (OC) and expression of several bone markers. At day 15, a significant up-regulation of Runx2, Osx, Dlx5, ALP, BSP, OC and DMP1 mRNA levels associated with an increase of OC production were observed on AH Ti and Ap Ti when compared to Cp Ti. These results suggest that bioengineered titanium has a great potential for dental applications in enhancing osseointegration.
Introduction
Treatment of partial and total edentulism with dental implants has become a reliable procedure for the majority of patients and is expected to play a major role in oral rehabilitation in the future. Studies of the long-term outcomes suggest that many of the implant techniques now consistently lead to their successful integration and therapeutic restoration (Adell et al., 1981; Buser et al., 1997) .
Titanium (Ti) and its alloys are used extensively for medical devices in dental, orthopaedic and cardiovascular fields due to their relatively low elastic modulus, high corrosion resistance and excellent biocompatibility (Pohler, 2000) . Nevertheless, although surface topography of titanium implants has been shown to modulate the percentage of bone-implant contact and the mechanical strength of bone-implant attachment (Pearce et al., 2008; Hayes et al., 2009) , titanium and its alloys are bioinert materials. Indeed, titanium implants do not chemically bond to the bone; rather, they are simply incorporated into a bone contact (Yan et al., 1997) .
To provide the metal with bone-bonding ability and thus improve dental implant osseointegration, alternative methods are under investigation. For example, the coating of metallic implants with bioactive materials, such as hydroxyapatite (HA), has become a well-established method. Many techniques including ion beam sputtering, dipping, and electrophoretic or electrochemical deposition are currently being studied for the application of HA coatings to metal substrates; however plasma spray is the most commonly used technique for clinical applications (Sun et al., 2001 ). However, while many studies report good short-term clinical results with enhanced performance of plasma-sprayed HA-coated implants, clinical studies show that long-term implantation is associated with bone loss and inflammation around many of the HA-coated implants (Albrektsson, 1998) . These problems are thought to arise from degradation of the coating, a poor adhesion of the HA coating to the metal surface, the low crystallinity of the apatite and the nonuniformity of the thickness of the deposited apatite layer (Wang et al., 1995; Munting, 1996; Martini et al., 2003) .
To overcome these limitations, a biomimetic approach conferring bone-bonding ability to metallic materials has been developed (Kim et al., 1996) . The surface of the implant is modified by a thermochemical treatment (i.e., alkali-and heat-treatment) to create a layer of functional groups, which induce effective bone-like apatite growth after in vivo implantation of the treated material Yan et al., 1997) . Interestingly, the in vivo apatite formation process can be reproduced in vitro using alkali-and heat-treated titanium soaked in a simulated body fluid (SBF) with ion concentrations nearly equal to human blood plasma (Kokubo and Takadama, 2006) .
The use of bone explants and bone cell culture can provide powerful in vitro tools for in-depth studies of the biological mechanisms underlying osteoconduction and de novo bone formation on an endosseous implant surface (Davies, 1996; Cooper et al., 1998) . We previously proposed and characterised an in vitro model using foetal calvaria bone explants that mimic in vivo bone formation on endosseous dental implants (Isaac et al., 2009 ). Using this model of osteoconduction, we showed that alkali-and heat-treated titanium soaked in SBF creates a favourable template for osteoblast migration, differentiation and bone nodule formation. However, only qualitative data can be obtained using this model due to the variable numbers of migrating cells between different explants. A complementary approach is therefore needed to provide quantitative data.
The aim of the present study was to investigate, in a quantitative manner, the in vitro effects of "biomimetic" treatments on titanium surface reactivity and on biological events associated with osteoblast viability and differentiation. Using X-ray photoelectron spectroscopy (XPS) and energy dispersive X-ray microanalysis (EDX), we firstly performed the chemical surface characterisation and then carried out an in vitro study of the physicochemical surface reactivity of alkali-and heattreated titanium (AH Ti) and AH Ti soaked in SBF (Ap Ti), with respect to commercially pure titanium (Cp Ti). Secondly, we studied bone cell behaviour on tested surfaces using a primary cell culture system from foetal mouse calvaria that closely mimics the in vivo intramembranous bone formation process, from the stage of osteoprogenitor cell proliferation through to the stages of matrix formation and mineralization.
Materials and methods

Preparation of the titanium samples Materials
Standard medical grade commercially pure (Ti>99.5%) titanium (Cp Ti) samples (Nilaco Co., Tokyo, Japan) 10x10 mm 2 with a height of 1 mm in size were polished with N°4 00 diamond plate, and then washed in acetone, 2-propanol, and ultra-pure water using an ultrasonic cleaner for 30 minutes each. To produce alkali-and heat-treated titanium (AH Ti), the Cp Ti was soaked in 5 ml of a 5 M NaOH solution at 60°C for 24 hours and subsequently heattreated at 600°C for one hour. Apatite-formed titanium (Ap Ti) was generated by soaking the AH Ti for two days at 36.5 °C in 24 ml of acellular simulated body fluid (SBF) with ion concentrations nearly equal to human blood plasma (142.0 mM Na Surface Characterisation XPS Ti-based samples were treated with phosphate buffered saline (PBS), pH 7.4 (Invitrogen, San Diego, CA, USA) by covering the surface with a drop (100 μl) of PBS, for 1 h at 37°C, in the same atmosphere as used for cell culture (see "Cell culture and analyses" part). Samples were then rinsed three times in PBS for 10 min and dried in ambient air before X-ray photoelectron spectroscopy (XPS) analysis. XPS analysis was performed with the Thermo ESCALAB 250 X-ray photoelectron spectrometer, with monochromatised, focused Al K α source (hn=1486.6 eV). Base pressure during analysis was about 10 "9 mbar. Survey (wide-scan) spectra were recorded at a pass energy of 100 eV (low energy resolution spectra). C 1s, Ca 2p, Cl 2p, N 1s, Na 1s, O 1s, P 2p and Ti 2p core level spectra were recorded at a pass energy of 20 eV (high energy resolution spectra). All analyses were carried out with a take-off angle of 90°. Each sample was characterised by two different 500 μm-diameter spot analyses. The spectrometer was calibrated against the reference binding energies (BEs) of clean Cu, Ag and Au samples. When necessary, a flood gun was used at an energy level of 2 eV. To take into account the effects of surface charging, high resolution spectra core level BEs were referenced by setting the lowest BE component of the resolved C 1s peak (corresponding to carbon in a hydrocarbon environment) to 285.0 eV. Data processing was carried out using the commercial Avantage software, provided by Thermo Electron Corporation (Thermo Scientific, Waltham, MA, USA), using a Shirleytype background and Gaussian/Lorentzian peak shapes.
In vitro chemical evaluation of surface reactivity XPS Ti-based samples were treated with foetal calf serum (FCS, Invitrogen), by covering the surface with a drop (100 μl) 10% FCS solution, diluted in PBS, for 1 h at 37°C, in the same atmosphere as used for cell culture (see "Cell culture and analyses" part). Samples were then rinsed three times in PBS for 10 min and dried in ambient. XPS analysis was performed as described above.
EDX
Titanium samples were soaked in cell-free culture medium (see "Cell culture and analyses" part) for 0, 3, 7 and 15 days. The samples were then washed with PBS, pH 7.4 (Invitrogen), dried at 37°C, mounted on specimen stubs and finally sputter-coated with carbon using a Polaron unit (Polaron Equipment, Watford, U.K). Chemical analyses of the samples were performed using a JEOL JSM 6100 scanning electron microscope (SEM) (Jeol France, Croissy-Sur-Seine, France) with a 15 kV accelerating
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Cell culture and analyses
Primary cell cultures
Osteoblastic cells were enzymatically isolated from calvaria of Swiss OF1 mouse foetuses on embryonic day 18. All procedures for the care and use of animals were conducted after approval from the regional animal experimentation ethics committee (p3/2008/043) and the French Ministry for the Environment and Research (no. 5195) . Briefly, frontal and parietal bones of calvaria were aseptically dissected and bone fragments were digested with 0.25% collagenase type I (Sigma-Aldrich, St. Louis, MO, USA) in PBS for 2 hours at 37°C. Cells dissociated from bone fragments were then directly plated onto Tibased samples at a density of 2 x 10 4 cells/cm 2 , and grown in osteogenic medium composed of DMEM (Invitrogen) supplemented with 10% FCS (Invitrogen), 50 μg/mL ascorbic acid (Sigma), 10 mM β-glycerophosphate (SigmaAldrich), and 50 IU/mL penicillin-streptomycin (Invitrogen). The cells were maintained at 37 °C in a fully humidified atmosphere in air with 5% CO 2 . Culture medium was changed at 48-h intervals. For each experiment eight pregnant mice were sacrificed. Averages of eight foetuses were obtained from each animal and then all foetuses were pooled before dissections of the calvaria.
Cell morphology-scanning electron microscopy (SEM)
After 24 h of culture on the various titanium samples, calvarial bone cells were fixed for 1 h in Karnovsky solution (4% paraformaldehyde, 1% glutaraldehyde) and rinsed three times with 0.2 M sodium cacodylate buffer at pH 7.4. Samples were then dehydrated through a graded series of ethanol and amyl acetate solutions before critical point drying in CO 2 . Finally, the samples were mounted on specimen stubs and sputter-coated with gold palladium. Samples were examined on a JEOL JSM 6100 scanning electron microscope (Jeol France) with a 15 kV accelerating voltage.
Cell viability-MTS test
Cell viability at 24h, 72h and day 7 was measured using The Cell Titer 96 Aqueous One Solution Cell Proliferation Assay (Promega, Madison, WI, USA). This assay measures formazan production in living cells that are capable of reducing the MTS tetrazolium compound ((3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium), to coloured formazan derivatives. This intracellular bioreduction mostly occurs in the mitochondria. The amount of coloured formazan derivatives excreted into the culture medium can then be measured with a microplate reader. The optical density (OD) of the cell supernatant was measured with a spectrophotometer (Precision Microplate Reader, Molecular Devices, Sunnyvale, CA, USA) at 490 nm. Cells grown on Thermanox Plastic coverslips (NUNC, Rochester, NY, USA) served as a control.
Evaluation of gene expression -real-time (RT)-polymerase chain reaction (PCR)
Calvarial bone cells grown on the three different titanium squares were recovered on days 3, 7 and 15. Total RNA was extracted using the TriReagent kit (Euromedex, Souffelweyersheim, France), following the supplier's instructions. Briefly, total RNA was precipitated with isopropanol and centrifuged at 12000g at 4°C. The RNA pellet was then washed with 75% ethanol and resuspended in RNase-free water. The concentration and purity of total RNA in each sample were determined by light absorbance at 260 nm and by calculating the A 260 /A 280 ratio, respectively. The integrity of RNA was confirmed by electrophoresis on an agarose ethidium bromide gel. For each sample, 1 μg of total RNA was reverse transcribed into cDNA using 200 units of Superscript II (Invitrogen) and 250 ng of random primers, according to the manufacturer's instructions. Real-time PCR was performed using a MiniOpticon Real-Time PCR Detection System (Bio-Rad Laboratory, Hercules, CA, USA). As recommended by the manufacturer, we used a reaction volume of 15 μl containing 7.5 μl of IQ SYBR Green Supermix (Bio-Rad), 50 ng of cDNA as template and 0.3 μM of the appropriate primer-pairs (see Table 1 ) (Eurogentec, Liège, Belgium). The final mixture was incubated in the MiniOpticon under the following conditions: 98°C for 10 sec (denaturation), followed by 40 amplification cycles of 95°C for 10 sec, 60°C for 20 sec, and 72°C for 20 sec. We checked for specificity by ensuring that each transcript tested was represented by a single peak in the melting curve.
Each target cDNA amplification was run in triplicate on a single 48-well plate. Samples representative of all treatments were included, as were no-template controls and five dilutions (1/10-1/810) of a control cDNA sample. The amplification curve of the target gene was created using these various dilutions to estimate gene expression of each sample. Gene expression levels were normalised to the expression of the housekeeping gene GAPDH. Results were expressed as fold changes relative to the expression levels in cells grown on commercially pure titanium samples (Cp Ti) at day 3.
Osteocalcin protein production Osteocalcin (OC) protein levels in cell culture supernatants were determined by an enzyme immunoassay (EIA) kit for intact mouse OC (Biomedical Technologies, Stoughton, MA, USA). Cells were cultured on the various titanium samples for 3, 7 and 15 days. Culture medium was replaced by serum-free medium 48h prior to assaying. Culture medium was replaced by serum-free medium 48h before assaying. Supernatants were collected and assayed according to the manufacturer's instructions and OC protein levels were normalised to total cell number.
Statistical analysis
All experiments were repeated three times using independent primary cell cultures, with the measurements for each biomarker at each time point performed in triplicate. Data from these three independent experiments have been pooled for statistical computations and
Biomimetic Ti-surfaces affect bone cell behaviour expressed as the mean ± standard error of the mean (M ± SEM) for graph representations. Means for biomarkers were compared within the three groups of Ti-based samples, except for the MTS test, in which control data were also included. All statistical computations were performed with the Mann-Whitney test using Prism 4 statistical software (GraphPad Software Inc., San Diego, CA, USA). A p value of less than 0.05 was considered statistically significant. Fig.1a shows the XPS survey spectra for Cp Ti. The core levels of Ti (Ti 2s, Ti 2p, Ti 3s, Ti 3p), as well as the O 1s core level (characteristic of the presence of oxides), and the core level peaks of surface contaminants, such as C 1s, P 2p and P 2s, Cl 2p and Cl 2s, K 2p and K 2s, and Na 1s, were observed. Note that there was no signal corresponding to the presence of Ca on the surface (also checked at higher resolution). P, Cl, K and Na were most probably contaminants from PBS buffer. As element of comparison, the survey spectrum of the untreated Cp Ti surface (sterilised sample only) showed the absence of P, Cl, K and Na as well as less attenuated O 1s and Ti 2p core level signals (Fig. 1a) . The survey spectra for AH Ti samples showed the same core level peaks (data not shown), with the exception of a low intensity signal corresponding to Ca, most probably associated with contamination from prior alkali treatment. The Ca/P atomic ratio, calculated from the Ca 2p and P 2p core level intensities, recorded at high energy resolution (pass energy of 20 eV), was 0.16 ± 0.03, which excludes the presence Table 1 . Primers used in real-time quantification of selected gene transcripts.
Results
Surface chemical characterisation
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of stoichiometric apatite on the AH Ti surface. The Na 1s core level signal corresponds both to the interaction of NaOH (alkali treatment) and PBS buffer. At higher resolution, the Ti 2p core level spectra of Cp Ti surface displayed a small shoulder at lower BEs, characteristic of metallic Ti, in addition to a main contribution, located at about 459 eV (Fig. 2a) . The more intense signal at 459 eV corresponds to Ti 4+ , characteristic of the passive layer formed on Ti surfaces. In order to determine the thickness of the passive layer in Cp Ti, the Ti 2p core level spectra were systematically decomposed into up to four contributions (i.e., 8 spectral features, including the spectroscopic spin-orbit coupling Ti 2p 3/2 -Ti 2p 1/2, with an energy splitting of 5.7 ± 0.3 eV between Ti 2p 1/2 and Ti 2 3/2 ) at BEs of 454.2 ± 0.2 eV (Ti 2p 3/2, metallic Ti), 455.6 ± 0.1 (Ti 2p 3/2 ,Ti 2+ ), 457.8 ± 0.1 (Ti 2p 3/2 ,Ti 3+ ) and 459.1 ± 0.1 (Ti 2p 3/2 ,Ti 4+ ) (Fig. 2a) . For Cp Ti surface, we assumed that Ti 4+ corresponds to TiO 2 , in agreement with published data (see for example (Burgos-Asperilla et al., 2010) (surface characterisations) and (Kim et al., 1999) (bulk data)). From the Ti 2p decomposition, we calculated the TiO 2 layer thickness, assuming a layer model in which TiO 2 lies over the Ti surface, using the ratio, where corresponds to the Ti 2p 3/2 peak intensity of Ti 4+ in TiO 2 and , to the Ti 2p 3/2 peak intensity of metallic Ti. The intensities of the titanium suboxides, located at the metal-TiO 2 interface, were not taken into account for this calculation (< ). The resulting thickness of the passive layer on Cp Ti surface was 7.9 ± 0.1nm. This value was similar to thickness of the passive layer calculated on the untreated Cp Ti sample (sterilised only) (data not shown). Thus, as expected for a passivated material, the interaction with PBS in our conditions does not induce titanium oxide growth. . The absence of metallic contribution in AH Ti surface indicated that the thickness of the Ti oxide layer was greater than 10 nm (which is the limit of XPS probing depth). This result was in agreement with previous data obtained by Auger Electron Spectroscopy (AES) (Kim et al., 1999) . Indeed, Kim et al. (1999) reported that the untreated sample (Cp Ti) had an ultra-thin TiO 2 layer and AH samples were covered by a crystalline mixed sodium titanate and TiO 2 layer, thicker than 500 nm. Thus, we assumed that, in the case of AH Ti, the Ti 2p core level signal corresponds to Ti 4+ both from TiO 2 and from sodium titanate, identified as Na 2 Ti 5 O 11 by Kim et al. (Kim et al., 1999) or as Na 2 TiO 3 by Chu et al. (Chu et al., 2005) ). The Na/Ti ratio for AH Ti surface, calculated from the Na 1s and Ti 2p (Ti 4+ ) core level intensities, was 0.90 ± 0.15. Unfortunately, it was impossible to propose a sodium titanate formula, because this ratio included the Ti 4+ contribution from TiO 2 and the Na contamination from PBS (as an illustration, the Na/Ti ratio for Cp Ti surface was 0.60 ± 0.10). Thus, from a chemical point of view, AH Ti and Cp Ti presented many similarities: a Ti 4+ and Na + -rich surface, the latter being embedded in a crystalline titanate compound for AH Ti and being only randomly adsorbed in a two-dimensional structure for Cp Ti. Fig. 1b shows the XPS survey spectra of Ap Ti. The most striking difference between Ap Ti and both Cp Ti (Fig. 1a) and AH Ti (not shown) survey spectra was the absence of any signal characteristic of Ti, indicating that the Ca-P inorganic layer is thicker than 10 nm on the Ap Ti surface. Indeed, Kim et al. showed by AES depth profiles that the Ap Ti surfaces were covered by more than 1 μm of crystalline apatite (Kim et al., 1999) . The expected core levels of Ca (Ca 2s, Ca 2p, Ca 3s, Ca 3p) and P (P 2s, P 2p), as well as those of O 1s (characteristic of the presence of oxides) and the characteristic core level peaks of surface contaminants, such as C 1s, Cl 2p and Cl 2s, and Na 1s, were identified on Ap Ti surfaces. Cl and Na were most probably contaminants from the PBS buffer, with P probably coming from both the PBS buffer and the SBF treatment forming the apatite layer on Ap Ti surface (see "Preparation of the titanium samples").
At higher resolution, the Ca 2p core level spectra of Ap Ti surface showed a spectroscopic doublet (Ca 2p 3/2 -Ca 2p 1/2 ) at 347.1 ± 0.2 eV (Ca 2p 3/2 ), characteristic of Ca 2+ (Burgos-Asperilla et al., 2010; Ferraz et al., 1999) (Fig. 2c ). The P 2p core level peaks had an unresolved doublet at 133.2 ± 0.2 eV (Fig. 2d) , characteristic of adsorbed PO 4 3- (Burgos-Asperilla et al., 2010) . The Ca/P surface atomic ratio for Ap Ti was determined from the Ca 2p and P 2p core level intensities, giving a ratio of 1.45 ± 0.25. This value is in very good agreement with the atomic ratio obtained from EDX (1.50 ± 0.30, Table S1 ). Taken together these results suggest that the composition of the Ap Ti outermost 10 nm (XPS), as well as in its deeper layers (EDX), could be compatible with stoichiometric apatite (Ca 5 (PO 4 ) 3 OH) Ca/P theoretical value of 1.67. A slightly lower experimental value has already been reported (Lakstein et al., 2009; Lu et al., 2000) ; in these cases, XPS Ca/P atomic ratios of different calcium phosphate phases were consistently lower than the theoretical values. In our case, the small discrepancy could also be attributed to the Cell attachment and spreading SEM observations after one day of culture showed that a large part of the titanium surface was covered by a subconfluent cell layer on each tested substrate ( Fig. 3a-c ). Cells were flattened, did not show any specific orientation and had developed an extensive network of intercellular contacts. Higher magnification micrographs revealed that cells anchored to each titanium surface by means of thin cytoplasmic digitations, such as filopodia, or larger digitations, such as lamellipodia (Fig. 3a*-c*) . However, in contrast to Cp Ti surfaces, on which osteoblastic cells had smooth cellular surfaces (Fig.3a*) , cells cultured on both AH Ti and Ap Ti surfaces had numerous microvilli and ruffles on their dorsal surfaces ( Fig. 3b *-c*).
Cell viability
Cell viability and metabolic activity were evaluated using the MTS assay. Foetal calvarial cells were cultured on Cp Ti, AH Ti and Ap Ti surfaces and MTS conversion was (Fig. 4) . Thermanox plastic coverslips were used as noncytotoxic control surfaces. After 24 hours of culture, no significant differences in cell viability were observed between any of the three titanium surfaces tested and controls. After 48h and on day 7, cell viability on all titanium surfaces -Cp Ti, AH Ti and Ap Ti -was significantly lower than that on control surfaces. After 48 hours, cells that had grown on AH Ti surfaces showed the lowest MTS activity levels, reaching 61.4% of control values, whereas cell viability on Ap Ti and Cp Ti surfaces was higher, reaching 79% and 90.2% of control values, respectively. However, after 7 days, cell viability was similar for all three surfaces, reaching approximately 75% of control values.
Osteoblast differentiation
To investigate the effects of various titanium surfaces on osteoblastic differentiation of calvarial bone cells, gene expression levels for selected osteoblast markers, including bone protein markers (Fig. 5) , osteoblastic transcription factors (Fig. 6 ) and the protein RP59 (Fig. 7) , were determined using real-time RT-PCR on days 3, 7 and 15. All selected genes were expressed throughout the culture period but showed different expression patterns over time for the different surfaces.
The alkaline phosphatase (ALP) gene expression profile showed a gradual and significant increase in expression levels over the culture period for all titanium surfaces tested (p<0.01) (Fig. 5) . However, cells cultured on the AH Ti and Ap Ti surfaces showed a significantly higher ALP mRNA levels on day 15 than cells on Cp Ti surfaces.
Collagen, type I, alpha 1 (collagen I) mRNA levels for both Cp Ti and Ap Ti surfaces significantly increased up to day 7 (p<0.05) and then decreased at day 15 (p<0.05) (Fig. 5) . However, for AH Ti surfaces, collagen I mRNA levels remained stable throughout the culture period (NS). Moreover, we did not find any significant differences between the three different surfaces at each time point.
Osteopontin (OP) gene expression levels showed a gradual and significant increase over time, up to day 15, for all three surfaces (p<0.01) (Fig. 5) . On day 7, OP mRNA levels were significantly lower for both AH Ti and Ap Ti surfaces than for Cp Ti. However, we did not find any significant differences between the three different surfaces on day 15.
The extracellular bone matrix protein-related genes encoding integrin binding sialoprotein (BSP), osteocalcin (OC) and dentin matrix protein 1 (DMP1) showed similar expression patterns for all surfaces, with low gene expression levels observed on day 3, followed by a Biomimetic Ti-surfaces affect bone cell behaviour substantial increase in expression over the following days of culture (p<0.01) (Fig. 5) . However, the magnitude of this observed increase was dependent on the titanium surface being investigated. Thus, on day 15, cells grown on the AH Ti and Ap Ti surfaces showed significantly higher expression levels of these genes than those grown on Cp Ti surfaces; thus, BSP, OC and DMP1 mRNA levels were around three times higher on AH Ti and Ap Ti surfaces than on Cp Ti. To further investigate the effects of titanium surfaces on osteoblastic differentiation of calvarial bone cells, we studied the mRNA levels of selected transcription factors. Msx2 mRNA levels were detected throughout the culture period, with a strong and stable expression on days 3 and 7, followed by a significant decrease in expression levels on day 15, for all treated surfaces (p<0.05) (Fig. 6 ). On days 3 and 7, Msx2 mRNA levels were significantly lower for both AH Ti and Ap Ti surfaces than for Cp Ti. However, on day 15, we did not find any significant differences between the three different surfaces. Overall, Runx2 (Cbfa1) and Dlx5 showed similar expression profiles for all tested surfaces, showing a gradual and significant increase up to day 7 (p<0.05); their expression levels then remained stable up to day 15 (NS) (Fig. 6) . Osterix (Osx) mRNA levels increased gradually and significantly throughout the 15 days of culture for all surfaces tested (p<0.01) (Fig. 6) . Cells grown on both AH Ti and Ap Ti surfaces showed significantly higher Runx2 and Osx mRNA levels than those grown on Cp Ti surfaces, at all time points. Dlx5 gene expression levels for AH Ti and Ap Ti surfaces were also higher than Cp Ti surfaces on day 15.
We also analysed the transcription profile for the protein RP 59. RP59 mRNA levels decreased considerably over the culture period for all titanium surfaces (p<0.01), with levels 17 times (Cp Ti surfaces), 11 times (AH Ti surfaces) and 12 times (Ap Ti surfaces) lower on day 7 than on day 3 (Fig. 7) . On day 3, both AH Ti and Ap Ti surfaces showed lower levels of RP59 gene expression than Cp Ti surfaces. On days 7 and 15, however, we did not find any significant differences in RP59 gene expression levels between the three titanium surfaces.
Finally, osteocalcin protein production was assayed by EIA. OC protein levels were not detectable on day 3 but significantly increased over the observation period for all titanium surfaces tested (p<0.05) (Fig. 8) . Furthermore, whereas no significant differences were observed between AH Ti and Ap Ti surfaces, we found that secreted OC levels were significantly higher for the two treated surfaces than for Cp Ti on days 7 and 15, with a three-fold difference between the two treated surfaces (AH Ti and Ap Ti) and Cp Ti surfaces observed on day 15. 
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Discussion
Over ten years ago, Kim et al. developed a thermochemical treatment resulting in the formation of an alkali titanate layer on titanium surface (Kim et al., 1996) . When implanted in bony sites, this modified titanium shows bonebinding ability due to the bone-like apatite layer formed on its surface (Kim et al., 1997) . This bioengineered titanium was thus classified as a bioactive metal. It has since been widely characterised and successfully tested in clinical trials for orthopaedic use; however, its mechanism of action on peri-implant bone cells is not yet fully understood. The aim of this study was to investigate the effects of thermo-chemical treated surfaces on phenotypic changes associated with the process of osteoblast differentiation.
As the use of cell lines often leads to incomplete patterns of osteoblastic differentiation (Cooper et al., 1998) with cells exhibiting various mechanisms of attachment (Kilpadi et al., 2004) , in this study we used a primary cell culture model of foetal mouse osteoblasts isolated from calvaria. Indeed, the culture of calvarial bone cells in an osteogenic medium promotes the proliferation and commitment of osteoprogenitor cells to mature osteoblasts (Nefussi et al., 1985; Owen et al., 1990) .
Osteoblast differentiation and subsequent bone formation is a gradual, well orchestrated process associated with changes in gene expression over time and characterised in vitro by three developmental stages: proliferation, extracellular matrix production and maturation, and matrix mineralization (Owen et al., 1990) . Using this modelling of osteoblast differentiation, we monitored by real-time RT-PCR the bone gene expression patterns of calvarial bone cells cultured on alkali-and heattreated titanium (AH Ti), AH Ti soaked in SBF (Ap Ti) and commercially pure titanium (Cp Ti).
Firstly, we investigated the gene expression of early markers associated with proliferative osteoprogenitors: Msx2 and RP59. Msx2, a member of the Msx (Muscle Segment homeobox) family, is a homeobox-containing transcription factor. Several lines of evidence suggested that Msx2 gene expression could be associated with osteoblast proliferation and act as a repressor of osteoblastic differentiation. Indeed, in vivo, Msx2 is expressed in the proliferating mesenchyme of the cranial suture and then decreased in the cells flanking the osteogenic front (De Coster et al., 2007) and, in osteoblast cell cultures, Msx2 is mostly expressed in proliferating cells, with a gradual decrease in activity observed during osteoblast differentiation (Hassan et al., 2004) . Moreover, overexpression of the Msx2-encoding gene promotes the proliferation of osteoprogenitor cells, at the same time preventing osteoblastic differentiation (Dodig et al., 1999; by repressing the activity of osteoblast markers, such as Runx2 (Shirakabe et al., 2001) , ALP , collagen I (Dodig et al., 1999) and osteocalcin (Hassan et al., 2004) . These results are in line with a recent study of Marijanovic et al. where the authors conclude that calvarial osteoblasts derived from Msx2 deficient mice showed a lower rate of proliferation and an increased osteoblastic differentiation when compared to osteoblasts derived from wild type mice (Marijanovic et al., 2009) . Taken together, these results suggest that Msx2 could act in vivo to maintain the committed osteoblasts of osteogenic front in undifferentiated stage as well as stimulating their proliferation, then enabling the growth of cranial bones. In our study, Msx2 gene expression levels were significantly lower on day 15 than at the earlier time points for all surfaces tested and were lower for both Ap Ti and AH Ti surfaces than for Cp Ti on days 3 and 7. Interestingly, RP59 mRNA levels were also significantly lower on day 3 for both Ap Ti and AH Ti surfaces than for Cp Ti and then RP59 mRNA decreased sharply after day 3, for all surfaces tested. The RP59 protein has previously been identified as a marker for progenitor cells with the capacity to differentiate into osteoblasts (Wurtz et al., 2001) . Indeed, in vivo, RP59 is present at variable levels in bone marrow cells and newly recruited osteoblasts during bone formation (Wurtz and Berdal, 2003) and fracture healing (Chen et al., 2004) , with lower levels found in mature osteoblasts. Overall, the gene expression profiles for both Msx2 and RP59 suggested that the proliferation phase is mainly associated with the first days of culture for all three surfaces. Additionally, because our SEM analysis and MTS assay results did not show any cytotoxic effect of the three tested surfaces on calvarial bone cells, we hypothesized that the reduced Msx2 and RP59 mRNA levels observed on Ap Ti and AH Ti surfaces at earlier times of culture may be due to the fact that bioengineered surfaces drive the commitment of osteoprogenitor cells to the osteoblastic phenotype more quickly than Cp Ti surfaces, where the cells could be longer maintained in a proliferating stage.
To investigate this further, we studied the changes in the main phenotypic bone markers. We showed that ALP mRNA levels increased significantly over the culture period for all surfaces but were significantly higher for both AH Ti and Ap Ti than for Cp Ti on day 15. In line with our findings, Nishio et al. previously showed that ALP enzymatic activity levels in rat bone marrow cells grown on Ap Ti and AH Ti surfaces were higher than in those grown on Cp Ti surfaces on day 14 (Nishio et al., 2000) . To further investigate osteoblast differentiation, we then analysed gene expression levels for three transcription factors with major roles in skeletal formation and bone healing: Runx2, Osterix and Dlx5 (Ferguson et al., 1999; Wohl et al., 2009) . Runx2 (cbfa1) and Osterix (Osx) are the major osteoblast transcription factors involved in osteoblast differentiation and bone formation. Thus, Runx2 or Osx gene ablation in mice results in a complete absence of bone skeleton (Komori et al., 1997; Nakashima et al., 2002) , while forced expression of these genes stimulate transcription of both early and late bone marker genes (Ducy et al., 1997; Tu et al., 2006) . Dlx5, a member of the Dlx (Distal-less homeobox) gene family, is considered to be an important regulator of osteoblast differentiation. Dlx5 acts upstream of Runx2 and Osx (Ryoo et al., 2006) and its expression levels gradually increase during osteoblast differentiation (Hassan et al., 2004) . In this study, we found that both Ap Ti and AH Ti surfaces significantly promoted the gene expression of these three specific osteoblast J Isaac et al.
Biomimetic Ti-surfaces affect bone cell behaviour transcription factors, with higher expression levels observed on these treated surfaces than on Cp Ti after two weeks of culture. These findings strongly suggest that both Ap Ti and AH Ti surfaces stimulate osteogenesis through the modulation of the gene expression of transcription factors essential for progression through the osteoblast lineage to a mature osteoblast. The hierarchical order of events occurring during osteoblast differentiation and maturation is such that collagen type I biosynthesis and ALP enzymatic activity are followed by the secretion of RGD-containing glycoproteins, such as BSP and OP, and then the synthesis of osteocalcin, which is considered to be the most specific marker of mature osteoblasts (Lian et al., 1989) . In this study, OP, BSP and OC showed similar gene expression patterns with a significant increase in expression over the 15 days of culture for all titanium surfaces tested, suggesting that calvarial bone cells entered the extracellular matrix production and mineralization phases for all surfaces tested. Furthermore, on day 15, we found that BSP and OC gene expression levels were considerably higher in cells grown on Ap Ti and AH Ti surfaces than in cells grown on Cp Ti. To determine whether these changes in OC mRNA were also reflected by changes in protein levels, we assessed OC protein secretion by EIA. Consistent with our RT-PCR findings, levels of secreted OC were significantly higher for AH Ti and Ap Ti surfaces than for Cp Ti on days 7 and 15. Our observations concerning OC mRNA levels were in line with previous results obtained by northern blot in rat bone marrow cell culture (Nishio et al., 2000) .
Interestingly, in our study, we observed no significant stimulation of OP and Collagen I expression levels for AH Ti or Ap Ti surfaces, relative to Cp Ti surfaces. This is consistent with Nishio et al., who showed no significant differences in OP mRNA levels between Cp Ti, AH Ti and Ap Ti surfaces using northern blot analysis (Nishio et al., 2000) . Similarly, Hattar et al. reported that sol-gel bioactive glasses up-regulated OC, but not OP, mRNA levels in mouse calvaria osteoblast cultures (Hattar et al., 2006) . Taken together, these findings suggest that bioactive surfaces differentially modulate bone marker gene expression Osteocytes are terminally differentiated cells of the osteoblast lineage that reside in lacunae within the mineralized bone matrix. Recently DMP1, an extracellular matrix protein member of the SIBLING family, has been identified as one of the most informative osteocyte markers in vivo (Feng et al., 2006; Toyosawa et al., 2001) . In our study, the expression levels of DMP1 substantially increased by day 15 for all conditions. This observation, in line with previous studies showing the presence of osteocytes inside bone nodules formed in vitro by rat calvaria-released cells using TEM (Nefussi et al., 1991) or SEM (Loty et al., 2000) , suggested the presence of osteocytes on all three titanium surfaces at late stages of culture. Interestingly, on day 15, DMP1 mRNA levels were significantly higher in cells grown on Ap Ti and AH Ti surfaces than on Cp Ti surfaces, possibly demonstrating enhanced osteocyte activity on Ap Ti and AH Ti surfaces.
Our results for bone marker gene expression levels and osteocalcin secretion strongly suggested that osteoblast differentiation of calvarial bone cells cultured on Ap Ti and AH Ti surfaces was stimulated to a greater extent than the differentiation of cells grown on Cp Ti.
Our surface characterisations (mainly XPS-based, helped by SEM and EDX, at a μm scale) in line with chemical data obtained by AES, thin-film X-ray diffraction and laser Raman spectroscopy (TF-XRD) (Kim et al., 1999) and surface roughness measurements (Nishio et al., 2000) revealed major differences in chemical composition and topography between Cp Ti, AH Ti and Ap Ti surfaces. These surface characteristics may affect biological and chemical events occurring on biomaterial surfaces, such as protein adsorption from blood or serum, or surface chemical modifications. To gain an improved understanding of the differences we observed between the three titanium substrates in the present in vitro study, but also of the in vivo differences previously reported (Yan et al., 1997) , we carried out an in vitro study of the physicochemical surface reactivity of Cp Ti, AH Ti and Ap Ti surfaces by XPS and EDX. Our results presented and further discussed in the supplementary data showed that the estimated proportion of the surface covered by adsorbed serum proteins differed between the three substrates and confirmed the bioactivity of AH Ti, illustrated by surface calcium and phosphate deposition when immersed in biological fluids.
Finally, our results suggested that the stimulating effect of AH Ti and Ap Ti surfaces on the osteoblast differentiation of calvarial bone cells, relative to Cp Ti surface, was essentially due to the bone-like apatite layer formed on AH Ti and Ap Ti surfaces during the cell culture period (for AH Ti) or during the SBF soaking (for Ap Ti). These observations were in line with Hench, who suggested that the formation of a surface apatite layer is a prerequisite for the bioactivity of materials, not only because apatite is a principal component of bone crystal, but also because the apatite layer formed on bioactive materials may provide a favourable template for protein adsorption (Hench, 1991) .
Conclusions
Our findings indicate that alkali-and heat-treated titanium (AH Ti) and AH Ti soaked in SBF (Ap Ti) stimulate the in vitro osteogenic potential of foetal mouse calvarial-derived cells to a greater extent than medical grade commercially pure titanium (Cp Ti). Indeed, AH Ti and Ap Ti surfaces promote cell progression through the osteoblast lineage from osteoprogenitor cells to mature osteocytes, as shown by a significant increase of OC protein production associated with the up-regulation of mRNA levels of Runx2, Osx, Dlx5, ALP, BSP, OC and DMP1 after 15 days of culture on AH Ti and Ap Ti surfaces, with respect to Cp Ti. These stimulatory effects may be due to surface bioactivity and/or protein adsorption.
Finally, our findings suggest that a simple thermochemical treatment of titanium surfaces enhance the biological activity of titanium implants. These J Isaac et al.
Biomimetic Ti-surfaces affect bone cell behaviour bioengineered titanium surfaces may have a great potential for future dental applications as a template for enhanced osseointegration.
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Supplementary Data
In vitro chemical evaluation of substrate surface reactivity Two approaches were used to study the in vitro chemical reactivity of Cp Ti, AH Ti and Ap Ti surfaces: we investigated the adsorption of serum proteins on these titanium surfaces by XPS, and the surface chemical modifications in cell-free culture medium by EDX. The reactivity of the substrates towards the proteins of the FCS was detected by the presence of the N 1s core level peak signal (XPS survey spectra of Fig. 1a and Fig.  1b) . At higher energy resolution, the N 1s core level presented a symmetrical peak centred at 400.1 ± 0.1 eV, characteristic of nitrogen in amide (mainly) and/or amine groups (Fig.S1a) . This signal can be used as a marker of adsorbed proteins. The C 1s XPS core level spectra obtained after serum adsorption (Fig.S1b) showed three contributions (see details in (Ithurbide et al., 2007; Payet et al., 2008) ), corresponding to the well defined carbon bonds present in the proteins. These observations were consistent with previous data from Burgos-Asperilla et al. (Burgos-Asperilla et al., 2010) . Spectral contributions observed at 286.4 ± 0.2 eV, labelled C2 and corresponding to C-N and C-O single bonds, and at 288.3 ± 0.2 eV, labelled C3 and corresponding to N-C=O bonds, were of particular interest. The N 1s and C 1s core level peaks were better resolved for Cp Ti samples (smaller full widths at half maximum) than for AH Ti and Ap Ti samples, which are thicker, rougher, and more insulating samples. N/ C2+C3 atomic ratios were systematically calculated for Cp Ti surfaces. The obtained value of 0.49 ± 0.08 corresponded to the theoretical ratio calculated from amino-acid compositions, for example of albumin or fibronectin molecules (Lhoest et al., 2001) ). This result thus suggested that the interaction of Cp Ti surface with serum resulted in the chemical adsorption of the proteins present in the serum (according to the provider, albumin is the major protein in the FCS). Moreover, as regards the Ti 2p, Ca 2p and P 2p core levels, the treatment with the serum did not affect the surface chemical composition of Cp Ti, AH Ti, Ap Ti surfaces, in our conditions. An equivalent thickness of adsorbed protein was then determined, assuming a layer model where all protein (taken as albumin in the calculations) is adsorbed in a continuous homogeneous layer on titanium oxide (taken as TiO 2 ) or apatite. By using the attenuation of the XPS signals, i. e.
for both Cp Ti and AH Ti, and or for Ap Ti, where is the intensity of Ti in TiO 2 from the Ti 2p 3/2 core level peak, is the intensity of N from the N 1s core level peak, is the intensity of Ca from the Ca 2p core level peak, and is the intensity of P from the P 2p core level peak, the adsorbed protein equivalent layer was estimated at 4.2 ± 0.2 nm for both Cp Ti and AH Ti surfaces, and 3.3 ± 0.3 nm for Ap Ti surfaces (average value from the calculations with Ca 2p and P 2p core levels). Protein adsorption was also quantitatively evaluated using a model of islands of adsorbed proteins on the surface for XPS calculations (Payet et al., 2010) . In this model, the height of the islands was considered as "infinite" (>10 nm, as defined by the XPS probe depth) and the ratio of the intensity signals from the substrate before ( or ) and after ( or ) treatment with the serum solution provides an estimation of the surface coverage by adsorbed proteins (Aeimbhu et al., 2005) . The intensity ratio tended to 0.4, corresponding to a fraction of 0.6 of the surface covered by the adsorbed Table S1 . EDX microanalysis on Ti samples soaked in cell-free culture medium.
Semi-quantitative chemical analysis assessed by energy dispersive X-ray (EDX) microanalysis on titanium samples soaked in cell-free culture medium for different durations (3, 7, 15 days) . Atomic percentages of phosphorus, calcium, sodium, magnesium, chlorine, oxygen, carbon and titanium and the atomic calcium/phosphorus ratio are reported. Biomimetic Ti-surfaces affect bone cell behaviour protein on Cp Ti and AH Ti samples. The intensity ratio tended to 0.7, corresponding to a fraction of 0.3 of the surface covered by the adsorbed protein on Ap Ti samples. Thus, our XPS results showed that the equivalent thickness of a continuous (and homogeneous) adsorbed protein layer remained quite similar between the three tested surfaces, with an adsorbed protein layer thickness of nearly 4 nm. However, using the model of islands that we considered as more realistic in the case of protein adsorption, the estimated percentage of the surface covered by proteins from the serum significantly differed between the surfaces. Indeed, with a much lower surface coverage Fig. S1 . XPS N 1s (a) and C 1s (b) core level spectra for Cp Ti after treatment with FCS, at 37°C, pH 7.4, for 1 hour. The C 1s core level spectrum is decomposed into three components (see text for details). Fig. S2 . Spectral analysis of chemical composition, assessed by energy dispersive X-ray microanalysis (EDX) on titanium samples soaked in cell-free culture medium for 3, 7 and 15 days). Detected atoms were phosphorus (P), calcium (Ca), sodium (Na), magnesium (Mg), chlorine (Cl), oxygen (O), carbon (C) and titanium (Ti). Biomimetic Ti-surfaces affect bone cell behaviour (30%), Ap Ti presented a different behaviour than Cp Ti and AH Ti (surface coverage of 60%). At a larger time scale, the Ti-based substrates were immersed in cell-free culture medium up to 15 days and surface topography and chemical modifications were analysed by SEM observations and EDX microanalysis. No differences in surface topography were observed for Ti-based samples soaked in cell-free culture medium for 3, 7 and 15 days, using SEM (data not shown). EDX microanalysis showed that the initial chemical composition of Cp Ti and Ap Ti samples remained unchanged during the investigation period ( Fig. S2 and Table S1 ). Thus, Cp Ti samples were mostly composed of titanium, whereas Ap Ti first μm were mainly composed of Ca and P. However, EDX revealed changes in the chemical composition of AH Ti over time (Fig.S2 and Table S1 ). Indeed, EDX spectra obtained for AH Ti showed that both Ca and P were present and that the atomic percentages of these elements increased with soaking time from day 3 to day 15. This mineral layer was richer in calcium than in phosphorus with a Ca/P atomic ratio of 1.30 ± 0.30 after 7 days of incubation (Table S1 ). Taken into account the EDX experimental uncertainty, this atomic ratio is in reasonable agreement with the theoretical value of 1.67 expected for stoichiometric apatite. Note that all tested surfaces were associated with small amounts of sodium, magnesium and chlorine that were most probably contaminants from the culture medium and PBS (and SBF for Ap Ti samples), except for AH Ti surface where the Na signal should correspond both to the sodium titanate layer and contamination from PBS and culture medium. These findings illustrated the reactivity of AH Ti surface. Indeed, our EDX analyses showed that, from the first three days of immersion in cell-free culture medium, calcium and phosphorus deposition occurred on AH Ti surfaces (Table  S1 ). These observations were consistent with previous in vivo and in vitro studies , reporting that, after alkali-and heat-treatments, titanium implants can initiate apatite nucleation on its surface through ions exchange with biological fluids. We also showed that the atomic percentages of Ca and P elements gradually increased from day 3 to day 15, suggesting that the Ca-P layer on the AH Ti surface grew with soaking time in the cell-free culture medium.
Finally, our observations may explain why the AH Ti and Ap Ti surfaces exhibited similar in vitro osteostimulator potential at later times of culture. Indeed, taking into account the quite similar chemical composition of AH Ti and Cp Ti (even if the structural bulk composition differs), protein adsorption from serum on substrate surfaces may be directly correlated to the surface chemical composition. Thus, given that the surface of AH Ti rapidly changed in the chemical composition to form an apatite-like surface over time immersed in a biological fluid, we hypothesized that AH Ti surface should display a similar protein adsorption profile to the Ap Ti surface at later times of culture and implantation -in terms of distribution of surface coverage by the adsorbed protein.
Discussion with Reviewer
Reviewer I: The peak increase in OC and DMP1 expression appears around D15 for the treated samples. Did the authors culture for longer time periods to see if this peak occurred also for Cp Ti at later stages or was the expression observed at D15 representative of peak expression for Cp Ti also? Authors: The expression of Osteocalcin and DMP1 in cells cultured on Cp Ti samples significantly increased over the 15 days of culture. Indeed, OC and DMP1 gene expressions were 61 times and 12 times higher at D15 as compared to D3, respectively. To check that the peak expression of late osteoblast markers (BSP, OC, DMP1 and Dlx5) observed at D15 was representative for the investigated surfaces, calvarial cells were cultured on the three titanium samples during 21 days and gene expression pattern of the 11 osteoblast markers investigated in our study were monitored by real-time RT-PCR at D17 and D21.
Our results show that mRNA levels of the early and late osteoblast markers decreased or remained stable after D15, independently of the investigated surface and gene (data not shown). Moreover, SEM microscopic observations performed after D15 showed an important cell death associated with a degradation of the extracellular matrix on the three titanium surfaces, as well as on the Thermanox plastic coverslips. These results suggest that, in our conditions of culture (i.e. osteogenic medium, cell density), primary calvarial cells begin to die by necrosis and/or apoptosis after 2 weeks of culture, making the RT-PCR results inconsistent. These observations were in line with previous studies showing that the process of in vitro osteoblast differentiation is followed by a phase of apoptosis, characterized by the overexpression of apoptosis markers, such as Bcl2, p53 and c-fox . Thus, our many years of practice with primary calvarial cell cultures led us to focus our gene expression analysis on three time points that reflect the three key stages of osteoblastic differentiation on plastic dishes. These time points (D3, D7 and D15) respectively correspond to 1) the decrease of the proliferating phase and the onset of differentiation, 2) the matrix secretion and maturation, and 3) the extracellular matrix mineralization with the peak expression of the specific markers of mature osteoblasts and osteocytes, such as Osteocalcin and DMP1.
Reviewer I: Can the authors comment on the early peak of both OC and DMP-1 after just 15 days culturing? How did this compare to cells cultured on plastic? Authors: Before we started experiments with titanium samples, we first genetically characterized the primary calvarial cell culture model. For this purpose, calvarial cells were cultured on Thermanox plastic coverslips with a similar cell density and the same osteogenic medium that we used for titanium experimentations. Real-time RT-PCR results on cells cultured on Thermanox plastic coverslips showed that OC and DMP1 exhibit a similar expression pattern as compared to cells cultured on Cp Ti, AH Ti and Ap Ti surfaces, with a low gene expression at D3 and D7, followed by a substantial increase in expression at D15 (data not shown). However, since the aim of our study J Isaac et al. Biomimetic Ti-surfaces affect bone cell behaviour was to determine the effects of different titanium surfaces on osteoblast differentiation, we decided to leave out the gene expression profile of the cells grown on Thermanox plastic coverslips (that are specifically treated for cellular adherence) in order to make the manuscript clearer.
Reviewer I: ALP and BSP normally indicate initiation of mineralization and decrease prior to terminal differentiation. However the peak for both these markers are at day 15, which happens to be the time when OC is also peaked -can the authors consolidate this observation? Authors: The specific function of the alkaline phosphatase enzyme is not yet fully understood. However, as underlined by the reviewer, the ALP enzyme is assumed to play a role in the process of matrix mineralization and more specifically in its initiation (Bellows et al., 1991; Kay and Robison, 1924) . In line with this hypothesis, a human mutation of the ALP gene is associated with hypophosphatasia (OMIM 241500) (for review (Mornet, 2007) ), and deletion of ALP in mice induces mineralization disorders (Wennberg et al., 2000) .
In vitro, ALP is widely used as an early marker of osteoblast differentiation, with peak level occurring in postproliferative cells during osteoblast maturation (Garcia et al., 2002; Lian and Stein, 1992) .
Surprisingly, in our study, RT-PCR results showed a significant increase of ALP mRNA levels over the 15 days of culture for all the investigated surfaces (including Thermanox plastic coverslips (data not shown)). Unfortunately, the ALP enzymatic activity was not monitored because of the size of the titanium samples (1cm 2 ) that did not allow us to obtain sufficient organic material (even by pooling triplicate samples). However, ALP gene expression was monitored by real-time RT-PCR on three independent experiments and all data showed a similar expression pattern. Although this profile could appear in contradiction with the expected in vitro expression of ALP, previous studies using primary bone cells cultured in osteogenic media on various surfaces also reported an increasing or a stable expression of the ALP mRNA level and/or enzymatic activity after 2 or 3 weeks of cultures (Hattar et al., 2006; Isaac et al., 2008; Nishio et al., 2000) . Thus, these in vitro observations showed that sustained gene expression of ALP does not prevent the peak expression of mature osteoblast markers such as OC, BSP and DMP1. This suggests that ALP expression does not inhibit extracellular matrix production and mineralization in vitro. However, further studies are needed to conclude on the specific role of ALP during osteoblast terminal differentiation.
Reviewer I: Both Runx2 and Osx are known to be involved with osteoblast determination and early differentiation. Their expression peaks during early differentiation and then returns to basal levels. Furthermore, prolonged Runx2 has been observed to have a negative impact on osteoblast terminal differentiation. Can the authors therefore comment on the fact that both these markers have maintained increases in expression over time while still observing peak expression of OC, BSP, and ALP at D15?
